Müller glia (MG) function as inducible retinal stem cells in zebrafish, completely repairing the eye after damage. The innate immune system has recently been shown to promote tissue regeneration in which classic wound-healing responses predominate. However, regulatory roles for leukocytes during cellular regeneration-i.e., selective cell-loss paradigms akin to degenerative disease-are less well defined. To investigate possible roles innate immune cells play during retinal cell regeneration, we used intravital microscopy to visualize neutrophil, macrophage, and retinal microglia responses to induced rod photoreceptor apoptosis. Neutrophils displayed no reactivity to rod cell loss. Peripheral macrophage cells responded to rod cell loss, as evidenced by morphological transitions and increased migration, but did not enter the retina. Retinal microglia displayed multiple hallmarks of immune cell activation: increased migration, translocation to the photoreceptor cell layer, proliferation, and phagocytosis of dying cells. To test function during rod cell regeneration, we coablated microglia and rod cells or applied immune suppression and quantified the kinetics of (i) rod cell clearance, (ii) MG/progenitor cell proliferation, and (iii) rod cell replacement. Coablation and immune suppressants applied before cell loss caused delays in MG/progenitor proliferation rates and slowed the rate of rod cell replacement. Conversely, immune suppressants applied after cell loss had been initiated led to accelerated photoreceptor regeneration kinetics, possibly by promoting rapid resolution of an acute immune response. Our findings suggest that microglia control MG responsiveness to photoreceptor loss and support the development of immune-targeted therapeutic strategies for reversing cell loss associated with degenerative retinal conditions. retina | microglia | glucocorticoid | regeneration | macrophage N eurodegenerative diseases are caused by the loss of discrete neuronal cell types. The goal of regenerative medicine is to reverse this process. One strategy for doing so involves harnessing the regenerative potential of endogenous neural stem cells. Unfortunately, although adult neural stem cells exist in the mammalian CNS, innate potentials for neuronal repair remain dormant in the absence of exogenous stimulation. Conversely, many other species are endowed with remarkable capacities for neuronal regeneration. For instance, in the zebrafish eye, retinal Müller glia (MG) cells can dedifferentiate to a stem cell-like state and give rise to progenitors that replace lost neurons and restore visual function (1, 2). Intriguingly, human MG cells are able to give rise to new neurons in culture (3) that can restore visual function when transplanted into mammalian disease models (4), suggesting that human MG retain a stem cell-like capacity for mediating retinal repair. Mechanisms controlling the regenerative potential of MG are therefore of great interest. We and others study zebrafish to learn more about how retinal regeneration is controlled, with the hope of revealing therapeutic strategies for stimulating repair of the human eye.
Müller glia (MG) function as inducible retinal stem cells in zebrafish, completely repairing the eye after damage. The innate immune system has recently been shown to promote tissue regeneration in which classic wound-healing responses predominate. However, regulatory roles for leukocytes during cellular regeneration-i.e., selective cell-loss paradigms akin to degenerative disease-are less well defined. To investigate possible roles innate immune cells play during retinal cell regeneration, we used intravital microscopy to visualize neutrophil, macrophage, and retinal microglia responses to induced rod photoreceptor apoptosis. Neutrophils displayed no reactivity to rod cell loss. Peripheral macrophage cells responded to rod cell loss, as evidenced by morphological transitions and increased migration, but did not enter the retina. Retinal microglia displayed multiple hallmarks of immune cell activation: increased migration, translocation to the photoreceptor cell layer, proliferation, and phagocytosis of dying cells. To test function during rod cell regeneration, we coablated microglia and rod cells or applied immune suppression and quantified the kinetics of (i) rod cell clearance, (ii) MG/progenitor cell proliferation, and (iii) rod cell replacement. Coablation and immune suppressants applied before cell loss caused delays in MG/progenitor proliferation rates and slowed the rate of rod cell replacement. Conversely, immune suppressants applied after cell loss had been initiated led to accelerated photoreceptor regeneration kinetics, possibly by promoting rapid resolution of an acute immune response. Our findings suggest that microglia control MG responsiveness to photoreceptor loss and support the development of immune-targeted therapeutic strategies for reversing cell loss associated with degenerative retinal conditions. retina | microglia | glucocorticoid | regeneration | macrophage N eurodegenerative diseases are caused by the loss of discrete neuronal cell types. The goal of regenerative medicine is to reverse this process. One strategy for doing so involves harnessing the regenerative potential of endogenous neural stem cells. Unfortunately, although adult neural stem cells exist in the mammalian CNS, innate potentials for neuronal repair remain dormant in the absence of exogenous stimulation. Conversely, many other species are endowed with remarkable capacities for neuronal regeneration. For instance, in the zebrafish eye, retinal Müller glia (MG) cells can dedifferentiate to a stem cell-like state and give rise to progenitors that replace lost neurons and restore visual function (1, 2) . Intriguingly, human MG cells are able to give rise to new neurons in culture (3) that can restore visual function when transplanted into mammalian disease models (4) , suggesting that human MG retain a stem cell-like capacity for mediating retinal repair. Mechanisms controlling the regenerative potential of MG are therefore of great interest. We and others study zebrafish to learn more about how retinal regeneration is controlled, with the hope of revealing therapeutic strategies for stimulating repair of the human eye.
Over the past decade, significant progress has been made in revealing molecular factors that regulate retinal regeneration (5-7).
However, less is known about the cellular composition of the retinal stem cell niche. Recent studies have implicated innate immune cells in regulating tissue regeneration in the limb (8, 9) , heart (10), and brain (11) . In addition, discrete immune cell types react to selective neuronal cell ablation in the peripheral (12) and central nervous systems in regenerative species (13) (14) (15) . However, whether the immune system regulates regeneration following the selective loss of individual neuronal cell types (i.e., in paradigms akin to neurodegenerative disease) remains unknown. We therefore investigated whether specific innate immune cell types impact the regenerative potential of zebrafish MG following selective ablation of rod photoreceptor cells, a physiological model of retinitis pigmentosa.
Zebrafish MG function as stem cells across a wide range of injury paradigms with most studies involving light damage, toxin injection, or puncture wounding (5-7). The scale of injury likely affects which immune cell types are responsive, potentially altering which roles the immune system plays during regeneration. We adapted an inducible cell-type specific ablation system (16) to zebrafish for the purpose of modeling degenerative diseases in a regenerative species (17) . This strategy involves cell-specific transgenic expression of the bacterial prodrug-converting enzyme nitroreductase (NTR). Exposing transgenic fish to prodrug substrates such as metronidazole (Mtz) results in the selective elimination of NTR-expressing cells,
Significance
Recent evidence suggests human retinal Müller glia retain a potential for neuronal regeneration. Defining the mechanisms governing retinal repair in robustly regenerative species may provide insights for harnessing this potential therapeutically. Here, we investigated roles of the innate immune system during rod photoreceptor regeneration in zebrafish. Our data establish a role for retinal microglia, the tissue-resident macrophage of the retina, in regulating retinal Müller glia responsiveness to cell death, and thereby controlling photoreceptor regeneration kinetics. Further, we show that immunosuppression can either inhibit or accelerate photoreceptor regeneration kinetics depending on the timing of treatment. We conclude that modulation of immune cell responses to retinal neuron cell death stands as a promising strategy for promoting repair of the human eye.
thus facilitating cell-specific regenerative biology paradigms (17) . Importantly, the NTR/Mtz-based ablation system elicits apoptotic cell death (18) , a hallmark of neurodegenerative disease (19) . To model retinitis pigmentosa, we created a transgenic line expressing a YFP-nitroreductase fusion protein specifically in rod photoreceptor cells-Tg(rho:YFP-Eco.NfsB)gmc500 (hereafter, rho: YFP-NTR)-enabling Mtz-induced ablation of rod cells (20) . To investigate neuroimmune interactions occurring during retinal degeneration, intravital multicolor time-lapse imaging (14, 21, 22) was used to monitor and quantify the behavioral responses of transgenically labeled immune cell types to rod cell death.
Immune cell subtypes play well-defined roles during infection and wound healing (23) . Somewhat paradoxically, during neurodegenerative disease, microglia (resident macrophages of the CNS) and/or monocyte-derived macrophages have been reported to play neuroprotective (24) and neurotoxic roles (25) . Macrophages can cycle between proreparative (M2) and antireparative (M1) polarization states (26) . However, whether this conceptual framework applies to microglia is controversial (27) . Simplified, acute immune system reactivity to CNS damage may be beneficial if the inflammatory response is resolved in a timely manner (28) . Conversely, chronic immune system activation in the CNS is associated with deleterious inflammatory signaling cascades (25, 28) . Comparisons between regenerative and nonregenerative model systems could help clarify which aspects of immune system reactivity are pro-versus antireparative. However, correlations between the polarization states of reactive immune cells during injury and repair in regenerative model systems have begun to be explored only recently (29) .
Microglia have been shown to translocate to damaged retinal layers in mammalian (30) , chick (31) , and fish retinas (32) , but functional roles during retinal regeneration remain undefined. In the chicken retina, microglia and/or macrophages are required for exogenous factor stimulation of MG/progenitor cell proliferation following excitotoxic injury (33) . Conversely, activated microgliaassociated signaling molecules, such as IL-6, CXCL10, and TNF-α, have been shown to inhibit human retinal stem/progenitor proliferation and differentiation in culture (34) . However, because chicken and mammalian retinas have a limited capacity to regenerate (35) , it can be unclear to what extent retinal stem/ progenitor cell proliferation in these systems is indicative of a proor anti-reparative response (i.e., proliferative gliosis).
In zebrafish, the innate immune system is active by day 1 of embryogenesis (36) . In contrast, the adaptive immune system is not functional until ∼4 wk later (37) . This period provides a window to explore the roles played by innate immune cells in isolation from adaptive immune system involvement. We previously developed high-resolution intravital imaging techniques for characterizing interactions between discretely labeled cell types during development (21) and regeneration in zebrafish (14, 22) . This approach was used here to determine which innate immune cell subtypes are responsive to rod photoreceptor apoptosis. Neutrophil, microglia, and macrophage migration patterns were quantified following the induction of rod cell loss and were compared with retinal puncture wounds to explore how the scale of injury impacts the responsiveness of different immune cell types. Importantly, the ability to track migratory behaviors of individual cells over time allowed us to delineate retinal microglia responses from those of peripheral macrophages, two innate immune cell types that often are conflated because of a lack of definitive markers (33) .
To test functional roles during regeneration, we coablated innate immune cell subtypes and rod cells or applied immune suppression and quantified the kinetics of MG/progenitor cell proliferation and rod cell regeneration. The data showed that MG/progenitor proliferation and rod cell regeneration kinetics were dependent on macrophage/microglia reactivity. Interestingly, by varying the timing of immune suppression, we were able to reveal both proand antireparative phases of the immune response, i.e., conditions which either inhibited or accelerated the kinetics of rod cell regeneration depending on when immunomodulation was applied. These data strongly implicate the innate immune system in shaping the responsiveness of MG to selective rod photoreceptor loss and thereby regulating the kinetics of retinal cell regeneration. From these findings, combined with recent related studies in the zebrafish and salamander brain (13, 15, 38), we conclude that microglia function to promote neuronal regeneration following selective neuronal cell loss. Accordingly, a more thorough understanding of the role specific immune cell types play in shaping the regenerative potential of endogenous neural stem cells could help inform the development of therapeutic strategies aimed at reversing damage incurred by neurodegenerative disease.
Results
Intravital Imaging of Innate Immune Cell Responses to Rod Cell Loss in Larval Zebrafish. The innate immune system has been implicated in promoting epimorphic and tissue regeneration (8) (9) (10) (11) ; however its roles during cellular regeneration have only begun to be explored (15) . We therefore investigated whether the innate immune system is responsive to selective ablation of rod photoreceptors using transgenic larvae in which rod cells and immune cells were labeled with the complementary fluorescent reporters rho:YFP-NTR and mpeg1.1:LOX2272-LOXP-tdTomato-LOX2272-Cerulean-LOXP-EYFP (39) (hereafter, mpeg1:Tomato) ( Fig. 1 A-C and Movie S1). To account for dynamic behaviors of activated immune cells, multicolor intravital time-lapse imaging (14, 21, 22 ) was used to track and quantify immune cell migration patterns. Confocal 3D scans of the entire retina were taken either during or immediately after retinal injury at 10-or 20-min intervals over 20-h time periods. To induce rod cell ablation, larvae were exposed to Mtz for ∼24 h at 6 d postfertilization (dpf), after retinal histogenesis was complete (schematic in Fig. 1D and Fig. 1 E and F) . Under these conditions, after 5-6 d of recovery, newly generated rod cells repopulate the outer nuclear layer (ONL) (Fig. 1G) . Neutrophil reactivity. We first asked if neutrophils respond to rod cell loss. A transgenic line labeling neutrophils with GFP, Tg(mpx:GFP)uwm1 (hereafter, mpx:GFP) (40), enabled intravital time-lapse imaging of neutrophil behaviors (Fig. S1A, schematic) . Puncture wounding of the eye (6) was used as a control for immune cell activation, and negative-control larvae were exposed only to confocal laser light. No evidence of neutrophil reactivity or infiltration of the eye was seen in negative controls ( Fig. S1 B and B′ and Movie S2) or in Mtz-treated retinas ( Fig. S1 C and C′and Movie S3). Conversely, upon puncture wounding neutrophils infiltrated the retina (Fig. S1 D and D′and Movie S4) and increased migration distance and displacement ( Fig. S1 E and F ). These data demonstrate that rod photoreceptor apoptosis is not sufficient to elicit neutrophil reactivity, decreasing the likelihood that neutrophils modulate retinal regeneration following selective retinal cell loss. Delineating peripheral macrophage and retinal microglia cells. Because of a lack of definitive markers, it has been difficult to delineate specific roles for peripheral macrophages versus tissue-resident microglia in the CNS, and these cells are often referred to collectively as "macrophage/microglia." Nevertheless, macrophages and microglia show distinct activity with regard to disease/injury responses (41) and differ in their capacity to assume different proand antiinflammatory polarization states (27) . Thus, it is important that their relative contributions to different injury paradigms be defined. To circumvent this limitation, we performed 20-h intravital time-lapse imaging assays using 6-dpf transgenic larvae in which macrophages and microglia were labeled with a red fluorescent reporter, mpeg1:Tomato ( Fig. 2A) . By tracking individual cells, we could determine the location of each cell before injury ( Fig. 2 B and B′, C and C′, and D and D′) and their relative reactivity and migration patterns following injury (Fig. 2 B′′-D′′) , thus distinguishing peripheral macrophages (Fig. 2 B′-D′, red pseudocolored cells) from retinal microglia (Fig. 2 B′-D′, yellow pseudocolored cells). Previously, we showed that macrophages and/or microglia responded to rod cell loss (12) ; however, the presence of pigmented cells (i.e., iridophores) limited our ability to track individual cell behaviors accurately. Here we resolved this issue by using a mutant lacking iridophores (roy orbison). Macrophage and microglia reactivity. No evidence of macrophage or microglia reactivity was observed in uninjured controls (Fig. 2 B′′, E, and F and Movie S5). Conversely, macrophage and microglia cells transitioned from a ramified to amoeboid morphology and became migratory following rod cell ablation and after puncture wounding (Movies S6 and S7). Quantification of migration patterns confirmed macrophage (Fig. 2 E and F) and microglia ( Fig. 2 G and H) reactivity to rod cell ablation and puncture wounds, showing increased migration distance (Fig. 2 E and G) and displacement ( Fig. 2 F and H) . Interestingly, however, despite showing clear reactivity, peripheral macrophages were never observed to enter the retina following rod cell loss (Movie S6). Conversely, macrophages did infiltrate the retina following puncture wounding (Movie S7). Thus, no evidence was found for a direct role of macrophages within the retina in the absence of a physical disruption of the blood-retina barrier (BRB). Macrophage and microglia migration behaviors were investigated further by collecting time-lapse images during the first day of recovery, i.e., day 7 or +1 d postablation (dpa) (Fig. S2) . Macrophages ( Fig. S2 A and B) showed an increase in migration distance ( Fig. S2C ) but no change in migration displacement ( Fig. S2D ), whereas microglia cells ( Fig. S2 E and F) exhibited increased migration distance (Fig. S2G ) and displacement (Fig. S2H ). These data suggest that any role macrophages play in shaping retinal stem cell reactivity to rod cell death would need to be mediated by secreted factors (e.g., cytokines). Conversely, reactive microglia have direct physical access to dying cells, MG stem cells, and MG-derived progenitors following selective Table S1 . For J-K, only pairs made between time point-matched control (J) and experimental (K) data showing reproducible differences are labeled with a bolded letter (error bars indicate SEM). For all others, bolded letters denote pairs showing reproducible differences, and italicized letters denote pairs with no discernible differences.
retinal neuron loss. Thus, of the three innate immune cell types evaluated, we concluded that microglia exhibit the greatest potential for influencing the regenerative process, and we concentrated subsequent efforts on further characterization of microglia cells during retinal injury and repair.
Additional Hallmarks of Microglia Activation Following Rod Cell Ablation.
Microglia translocation to the photoreceptor layer. We next asked whether microglia translocated to the photoreceptor layer following rod cell death. For this analysis, a time series of fixed retinal sections spanning several days ( Fig. 2A) was imaged ( Fig. 2 I and I′) , and the number of microglia cell bodies per each retinal layer was quantified. Embryonic and larval zebrafish microglia cell bodies have been shown to reside in the nerve fiber layer (NFL, or vitreal surface), ganglion cell layer, and inner nuclear layer (INL) but to be largely excluded from the photoreceptor and plexiform layers (42) , in contrast to observations in mammalian systems (43) . Data from uninjured controls are in agreement with these findings; the majority of microglia localized to the NFL and showed no evidence of active translocation between different retinal layers in the absence of injury (Fig. 2J) . Strikingly, microglia migrated to the somal and synaptic photoreceptor layers (the ONL and the outer plexiform layer, OPL) within 10 h of Mtz exposure (Fig. 2K) , coinciding with the rapid induction of rod photoreceptor death observed previously (14) . Following Mtz removal, microglia occupation of the outer retinal layers decreased (Fig. 2J) , presumably through either reverse migration or apoptosis (13). Interestingly, microglia did not appear to return to the NFL immediately but remained proximal to MG/ progenitor cells (Fig. 2K) . Microglia phagocytosis of rod cell debris. Phagocytosis of dying cells is a hallmark of activated immune cells (44) . We therefore asked whether YFP-labeled photoreceptor debris could be found within microglia cell bodies following the induction of rod cell death (Fig. S3A) . Phagocytosis of apoptotic photoreceptor fragments by microglia was observed both in retinal sections (Fig. S3 B-B′′′) and through intravital time-lapse microscopy ( Fig. S3 C-C′′′) during the Mtz treatment period and after Mtz removal (i.e., over the next 24 h of the recovery phase). For the latter period, we show a microglia cell making initial contact with a large photoreceptor fragment and engulfing it over the next 30 min (arrowheads in Fig.  S3 D-D′′ and Movie S8). Microglia proliferation in response to rod cell death. Reactive innate immune cells are known to proliferate at the site of injury (44) . To investigate the possibility that microglia cells proliferate in response to rod cell loss, we performed immunohistochemical staining of retinal sections using an antibody against proliferating cell nuclear antigen (PCNA). Concomitant with microglia chemotaxis to the ONL and OPL (Fig. 2) , an increase in microglia (PCNA
proliferation at the site of rod cell ablation was observed (Fig. S3 E  and F) . Following Mtz removal, microglia underwent a second wave of proliferation within the INL during the recovery phase. Interestingly, this second wave was coincident with the initiation of rod cell regeneration (20) .
Microglia/Macrophages Promote Retinal Stem Cell/Progenitor Cell
Responsiveness to Rod Cell Ablation. To define the roles played by microglia/macrophages during retinal regeneration, we investigated the consequences of coablating microglia/macrophages and rod photoreceptors. A transgenic line coexpressing YFP and an improved NTR mutant protein (45) in microglia/macrophages (8) , Tg(mpeg1.1:NTR-EYFP)w202 (hereafter, mpeg1:NTR-YFP), was crossed to rho:YFP-NTR;mpeg1:Tomato fish to enable Mtz-induced coablation. In addition, to facilitate visualization of MG, a fourth transgenic line labeling MG with GFP (46), Tg(gfap:GFP)mi2001 (hereafter, gfap:GFP), was introduced to rho:YFP-NTR;mpeg1: Tomato;mpeg1:NTR-YFP fish. To delineate GFP + MG from YFP + microglia and rod cells, previously established methods for separating YFP and GFP were applied (22) . To determine whether ablating microglia/macrophages had any effect on retinal regeneration, we first quantified MG/progenitor cell proliferation rates. Larvae were exposed to Mtz for 24 h, and retinas from coablated and control (triple transgenic, rod cellablated only) larvae were fixed at six time points encompassing the loss and regeneration of rod cells (Fig. 3A) . Additionally, we observed MG clearing apoptotic cells (Fig. 3B, Inset 1) and saw evidence that MG may clear phagocytic microglia after they have expired (Fig. 3B′, inset 2) . As above, antibodies to PCNA were used to mark proliferating cells (Fig. 3B′′ , PCNA + /GFP + MG cell, Inset 3). In coablated retinas the number of proliferating cells in the INL was reduced during the 24-h Mtz treatment (Fig. 3C) . Subsequently, INL proliferation increased relative to the control so that the total number of cells proliferating in the INL over the entire ablation/recovery period was indistinguishable in the rodablated and coablated conditions [average of 4.3 and 4.7 cells per 1 mm of retina, respectively; 0.42 effect size; 95% CI (−1.74, 1.58); P = 0.475], suggesting that compensation for delayed proliferation is complete by day 3 of recovery ( Fig. 3C) . Similarly, presumptive rod-committed progenitors and/or MG-derived progenitors present in the ONL (PCNA + only) showed deficits in proliferation rates in the coablated condition (Fig. 3D) , which returned to normal by the day 3 of recovery ( Fig. 3D) . Unlike in the INL, no evidence of proliferative compensation was observed in the ONL over the time course evaluated. These data suggest that ablation of microglia/macrophages causes a delay in MG/progenitor cell proliferation following rod cell death. However, INL-localized MG/progenitor cells appear to compensate for initial deficits. These results are consistent with microglia/ macrophage ablation resulting in a reduction in the kinetics of regeneration following photoreceptor loss.
Microglia/Macrophages Are Necessary for Normal Rod Photoreceptor
Regeneration Kinetics. To assess the possible effects of microglia/ macrophage ablation on the kinetics of rod cell regeneration, IMARIS-based 3D rendering was used to quantify YFP-expressing rod cells in intravital images collected at day 1, 3, 4, and 6 of recovery (see schematic, Fig. 4A ). Images of uninjured control retinas exhibited a minor loss in observable fluorescence caused by increased pigmentation (Fig. 4 B-B′′′) . Retinas in which only rod cells were ablated demonstrated effective loss and regeneration of YFP rod cells (Fig. 4 C-C′′′) , consistent with previous results (20) . Coablated retinas exhibited effective loss of YFP cells and a reduction in rod cell regeneration kinetics through day 4 of recovery ( Fig. 4 D-D′′′) . To quantify rod cell-associated YFP signal volumes in coablated larvae accurately, YFP-NTR-expressing microglia had to be subtracted out of the analysis. To do so, the transgenic line labeling microglia/macrophages with a red fluorescent reporter (mpeg1:Tomato) was used to colabel all YFP-NTR-targeted microglia/macrophage (Fig. 4 E-E′′) . All colabeled cells then were subtracted from the YFP channel in 3D-rendered images. Isolated photoreceptor volumes (in cubic micrometers) were normalized to the control average for each time point (to account for effects of pigmentation). YFP volume quantification confirmed that ablation of rod cells alone led to full YFP volume recovery by the fourth day of recovery (Fig. 4F, light red bars) . Strikingly, in coablated retinas there was a substantial delay in YFP volume recovery, with no regeneration evident through day 3 of recovery and ∼55% rod cells regenerated by day 4 of recovery ( Fig. 4F) . However, by day 6 of recovery ∼85% of rod cells had been replaced ( Fig. 4F ; no statistical difference with controls). Collectively, these data suggest that microglia/macrophages regulate stem/progenitor cell responsiveness to rod cell death, thereby impacting the regeneration kinetics of lost retinal cells. Compensatory proliferation observed in the INL at days +1 and +2 dpa (Fig. 3) appears to be sufficient to restore rod cells to normal levels, albeit at a delayed rate of recovery. Preablation. To investigate further roles of the innate immune system in retinal regeneration, we asked if chemical suppression of immune cell reactivity impacts the kinetics of rod cell replacement. Dexamethasone (Dex), a glucocorticoid receptor agonist, has been used to identify inflammatory signaling as a factor contributing to CNS regeneration in adult zebrafish following traumatic brain (11) and spinal cord (15) injuries. However, a role for inflammation in regulating regeneration following selective neuronal cell ablation has yet to be investigated. Activation of glucocorticoid signaling has been shown to reduce microglial reactivity in the mammalian brain (47, 48) and chick retina (49) . Therefore, using the intravital imaging techniques detailed above, we first investigated whether exposing larvae to Dex before Mtz-induced rod cell ablation would result in a reduction in microglia migration. Initial titration assays determined that 5-μM Dex treatments produced no toxicity in 5-to 9-dpf larvae. One day before Mtz exposure, and daily thereafter, larvae were immersed in 5 μM Dex (Fig. 5A) . Quantification of microglia migration patterns showed reductions in distance and displacement in the presence of Dex (Fig. 5B) , consistent with the inhibition of microglia reactivity to rod cell death upon activation of glucocorticoid signaling.
We next asked whether pretreatment with Dex resulted in a reduction in MG/progenitor cell proliferation rates akin to findings in the chick retina (50) . Immunostaining for PCNA was used to quantify the number of proliferative cells in the INL and ONL immediately after Mtz exposure and after 1 d of recovery (Fig. 3) in the presence or absence of Dex. Preexposure to Dex resulted in an inhibition of MG/progenitor cell proliferation rates to levels equivalent to uninjured controls at both time points and in both the INL (Fig. 5C) and ONL (Fig. 5D ). This result suggests that microglia reactivity is a key regulator of MG responsiveness to rod cell death, in keeping with findings from our coablation studies. Further, the data implicate inflammatory signaling in promoting MG dedifferentiation to a proliferative stem-like state.
Given the inhibitory effects on MG/progenitor cell proliferation, we were interested in determining if Dex pretreatment resulted in a reduction in the rate of rod cell replacement. The kinetics of rod cell regeneration was assessed using fluorescent plate reader-based quantification (i.e., automated reporter quantification in vivo, ARQiv) of YFP signal levels in individual larvae (20, 51, 52) . Using this method, we had previously shown full regeneration of rod cells as early as day 5-6 of recovery (20) . For comparison with Dextreated larvae, the level of YFP signal observed in Mtz-treated control larvae at day 4 of recovery was normalized to 100% regeneration. Preexposure to Dex resulted in reduced rod cell replacement rates with ∼60% YFP levels relative to Mtz-alone controls (Fig. 5E , Left, −0.38 effect size). Postablation. In addition to inhibiting immune cell activation, glucocorticoid signaling also promotes M2 polarization, an "alternatively activated" macrophage state (53) . The M2 polarization state is correlated with the resolution of inflammatory signaling events and thus is considered proreparative. Accordingly, we were interested in testing whether stimulating glucocorticoid signaling after the initial response to rod cell death had occurred could accelerate retinal regeneration kinetics by hastening the resolution of associated inflammatory signals. We therefore evaluated the effects of treatment with Dex at day 1 of the recovery phase after the induction of rod cell ablation (see schematic, Fig. 5A ).
Intriguingly, Dex posttreatment regimens resulted in accelerated rod cell regeneration kinetics: ∼130% regeneration relative to the control at 4 d of recovery (Fig. 5E , Center, 0.29 effect size). The insoluble nature of Dex suggested that methods for improving bioavailability in water could enhance efficacy in our assays. We therefore asked whether a water-soluble prodrug version (e.g., Dex sodium phosphate, Dex-P) would show greater efficacy in enhancing rod cell regeneration kinetics. However, the data suggest no improvement relative to Dex-treated controls (Fig. 5E , compare center and right graphs). The cellular mechanisms by which Dex posttreatment accelerates rod cell regeneration kinetics await further characterization. Intriguingly, however, this result suggests that accelerating the rate at which inflammatory signaling events attending neuronal cell apoptosis are resolved can function to promote neuronal regeneration.
Discussion
The CNS was once thought to have little functional interaction with the immune system in the absence of trauma or disease. However, in the past decade neuroimmune crosstalk-direct interplay between neuronal and immune cells-has been shown to be critical for neurodevelopment (54) , synaptic homeostasis (55), and adultstage neurogenesis (56) and may play beneficial roles during neurodegenerative disease (24, 28) . For instance, acute activation of microglia may function to protect neurons from accumulations of cytotoxic derivatives of dying cells and stress-related signaling pathways during the early stages of neurodegeneration. In keeping with this notion, efficient phagocytosis of apoptotic cells is not generally associated with an inflammatory response (57). Conversely, Table  S2 ; bolded letters denote pairs showing reproducible differences, italicized letters denote pairs with no discernible differences. Co-Abl, coablated retinas; Rod-Abl, rod photoreceptor ablated retinas.
chronic inflammation and related immune cell infiltration of the CNS are believed to exacerbate neurodegenerative pathologies (43) . Interestingly, zebrafish regenerate neural tissue despite mounting an inflammatory response to injury (58) . Indeed, inflammatory signaling may even stimulate neural stem cell proliferation (11, 33, 38) . Therefore, whether immune cells act in a beneficial or deleterious manner in the nervous system is likely to be context dependent. Because zebrafish display robust reparative capacities across multiples levels of CNS injury, it is an excellent model system for exploring the roles played by the immune system during neuronal regeneration. The NTR ablation system creates inducible physiological models of degenerative diseases by enabling the induction of apoptosis in genetically targeted cell types (17) . By using this approach, macrophages were recently implicated as being critical to appendage regeneration in the salamander and zebrafish (8, 9) . Reactive macrophage/microglia also have been observed in the fish brain after widespread NTR/Mtz-induced neuronal death (13) and in the retinal photoreceptor layer following light damage (32) . Intriguingly, inflammatory signaling regulates neural stem cell and progenitor proliferation rates following traumatic brain injury in zebrafish (11) . In addition, macrophage/microglia cells have been shown to be necessary for exogenous factor stimulation of MG-derived progenitor cell proliferation following excitotoxin injections in the chicken retina (33) . Here we investigated innate immune cell reactivity and function following the selective loss of rod photoreceptor cells in the zebrafish retina.
Because of the highly dynamic nature of reactive immune cells and difficulties in imaging the brain, detailed analyses of neuroimmune interactions have been elusive. Over the past decade, however, intravital imaging has provided key insights into immune cell behavior and function (59) . The zebrafish system enables intravital imaging of fluorescently labeled cell types at high spatial and temporal resolution. We therefore applied multicolor in vivo time-lapse imaging (21, 22) to characterize innate immune cell behaviors during retinal regeneration. More specifically, we investigated neutrophil, macrophage, and microglia reactivity to selective rod photoreceptor loss and retinal puncture wounds in larval zebrafish. Of note, the adaptive immune system does not develop in zebrafish until the juvenile stage (60) . By performing our studies in larval zebrafish, we were able to assess innate immune system function independent of adaptive immune system interactions.
Neutrophils Are Unresponsive to Rod Cell Death. Neutrophils are known to be first responders to infection and nonsterile injuries (40) and to play key roles during wound healing and infection, but their ability to influence regenerative processes has begun to be explored only recently (61) . The blood-brain barrier (BBB) and BRB normally prevent monocyte infiltration; however, upon disruption of the barrier, neutrophils can invade. The potential for BRB disruption during retinal neurodegenerative conditions suggests possible involvement of neutrophils. The superficial system (precursor to the choroid) and hyaloid vasculature of the larval zebrafish retina are conceivable points of neutrophil infiltration Table  S3 ; bolded letters denote pairs showing reproducible differences; italicized letters denote pairs with no discernible differences.
following the induction of rod cell death. Although neutrophils are not normally associated with phagocytosis of apoptotic cells (57), they can exhibit chemotaxis toward apoptotic cells (62) . Moreover, neutrophils respond to lysed apoptotic bodies (i.e., secondary necrosis) upon release of ATP metabolites. Therefore, a full characterization of innate immune system responses to NTRmediated neuronal cell loss required that we account for possible neutrophil involvement.
We found that neutrophils were unresponsive to rod cell death. This finding is consistent with studies of widespread NTR-mediated ablation of neurons in the zebrafish forebrain (13) and suggests that any role for neutrophils in modulating retinal cell regeneration would need to be mediated by secreted factors. In contrast, retinal puncture wounds resulted in increased migration rates and infiltration of neutrophils into the neural retina. This finding is not surprising, because an ocular puncture wound is expected to disrupt the BRB, elicit an osmotic shock, and produce classic signaling cascades known to recruit immune cells to sites of traumatic injury. Importantly, this result highlights the potential for neutrophil involvement in retinal injury models that disrupt the BRB, e.g., light damage (7, 63) , puncture wounds (6), or toxin injection (31) . Moreover, these data suggest that caution should be exercised when relating findings across regenerative paradigms involving different scales of injury, particularly with respect to immune system-related signaling cascades.
Peripheral Macrophages Are Responsive to Rod Cell Death but Do Not
Enter the Retina. Macrophages are efficient phagocytes that contribute to the clearance of dead cells (64) . Moreover, macrophages have been implicated as beneficial to healing/regenerative processes in a diverse set of injury paradigms including muscle (65) , limb (8, 9) , lateral line (12, 66) , heart (10), brain (11, 38) , spinal cord (67, 68) , and retina (33, 69). However, there is controversy over the extent to which monocyte-derived macrophages are involved in CNS degenerative diseases. The controversy is largely the result of a lack of cell-specific markers for delineating microglia from macrophages, although headway has been made in this regard recently (70) . Of note, time-lapse imaging overcomes this limitation by enabling tracking of individual cell behaviors following induction of injury. Using this approach, we observed an increase in macrophage migration following rod cell loss (Fig. 2) . However, although macrophages entered the retina rapidly following puncture wounding, they remained restricted to the periphery after rod cell death. This observation suggests that macrophages are responsive to rod cell death but do not infiltrate the retina, likely because of the maintenance of the BRB. This behavior contrasts with intravital imaging observations following widespread Mtz-induced neuronal cell loss in the larval zebrafish brain in which presumptive macrophages were the first to respond, and microglia arrived later, remained longer, and appeared to clear apoptotic macrophage debris (13). The source of this discrepancy is unclear; however, differences in the extent of neuronal damage could impact the composition of the immune response and/or the relative integrity of the BBB and BRB. A recent study has shown that neuronal apoptosis drives infiltration of anterior lateral plate mesoderm-derived macrophages into the brain during development (71) . Widespread Mtz-induced apoptosis of hindbrain neurons at 3 dpf resulted in supernumerary infiltration of macrophages; however, because macrophages normally enter the developing brain until 4 dpf (71), there is no discrepancy between these findings and our observations. One caveat of our study is that the transgenic lines we used label mature immune cells but not circulating monocytes. Thus, it remains possible that monocytes extravasate into the retina following the induction of rod cell death and differentiate into phagocytes, as has now been shown for retinas exposed to intense light and irradiated retinas in mice (70) . Investigation of this Table S4 ; bolded letters denote pairs showing reproducible differences; italicized letters denote pairs with no discernible differences.
possibility will require new transgenic toolsets for monitoring monocytes, a cell type that has only recently begun to be characterized in zebrafish. For now, the data suggest that within the context of selective rod cell death, any modulation of retinal stem/progenitor cell responsiveness or rod cell regeneration kinetics by peripheral macrophages would need to be mediated by secreted factors.
Microglia Exhibit Several Hallmarks of Phagocyte Activation in
Response to Rod Cell Death. Microglia are gaining recognition as key regulators of development, homeostasis, proliferation, and disease. Microglia may be useful sentinels of neurodegeneration at early stages and have long been known to be responsive to neuronal cell apoptosis (30) , including in a number of human retinal diseases (72) . Thus, we expected to see activation of these cells upon rod cell ablation. However, the extent acute microglia responses serve beneficial (73, 74) versus deleterious (75) roles during neurodegenerative processes remained unclear. Similarly, although microglia have been implicated as being necessary for exogenous factor stimulation of MG/progenitor proliferation following excitotoxic injury in the chicken retina (33) , the avian retina does not display robust regenerative capacities (35) . Thus, roles for microglia during retinal regeneration remain largely undefined. Accordingly, we explored potential roles for microglia during the loss and regeneration or rod photoreceptors in zebrafish.
Migratory monocytes colonize the embryonic zebrafish retina by 30 h postfertilization (hpf). By 48 hpf there are ∼30-35 microglia residing in the eye (42) . In the uninjured retina, microglia were found to reside within inner retinal layers, consistent with observations in adult zebrafish (32) , and exhibited exuberant ramified process behaviors consistent with immune surveillance (Movie S5). Following rod cell ablation, microglia adopted amoeboid morphologies and exhibited marked increases in migration (Movie S6). Time-series quantification of microglia migration over several days confirmed the behavioral trends observed during confocal timelapse imaging: Within 10 h of Mtz treatment microglia translocated to layers where photoreceptors reside (i.e., the OPL and ONL). Over the course of the recovery period, the microglia presence diminished in the outer retina but remained elevated in the INL. The significance of sustained microglia presence in the INL during the recovery phase is unknown; however, it is tempting to postulate that it serves to promote interaction with MG/progenitor cell bodies.
Using both time-lapse imaging and immunolabeling, we observed microglia phagocytosis of dying rod photoreceptors. Time-lapse imaging revealed that from the initial moment of contact to complete engulfment, loss of rod cell-associated YFP signals took ∼30 min. In mammals, phagocytosis of apoptotic cells can induce activated macrophages to adopt an antiinflammatory (or regulatory) phenotype (76) , typified by secretion of antiinflammatory cytokines, e.g., TGF-β (77) . Microglia of the human CNS also exhibit this phenomenon, although possibly exhibiting fewer differences between polarization states (27) . Importantly, acutely activated microglia are known to express neuroprotective and regenerative factors, e.g., TGFβ, IGF1, IL-10, LIF, and MANF (74, 78) , some of which have been shown to stimulate MG proliferation (5, 6) . Combined, these observations suggest that after an initial reactive response to neuronal cell death microglia may adopt an antiinflammatory phenotype to stimulate stem/ progenitor cell proliferation.
Finally, microglia exhibited two waves of proliferation in response to rod cell loss. The first wave occurred at the OPL/ONL boundary proximal to photoreceptor injury, consistent with observations in the chick retina following excitotoxic injury (33) . A second wave of microglial proliferation occurred within the INL at days 2-6 of recovery. These results suggest that expansion of the resident microglia population was necessary to mount an adequate response to the extent of rod cell death and/or that microglia numbers needed to be replenished during the regenerative process.
There is considerable controversy over whether resident microglia maintain their own numbers or if macrophages need to enter the CNS to repopulate stressed microglia populations. Our results suggest that, within the context of limited neuronal cell death, microglia proliferate locally to maintain their numbers. In summary, using intravital imaging and immunohistology, we showed that retinal microglia exhibit multiple hallmarks of immune cell activation following rod photoreceptor ablation in zebrafish larvae: (i) increased migration, (ii) translocation, (iii) phagocytosis, and (iv) proliferation. We next turned to investigating potential roles for microglia during retinal regeneration.
Disrupting Microglia Reactivity to Cell Death Inhibits MG and Progenitor Cell Proliferation Rates and Delays Rod Photoreceptor Regeneration.
Various methods for altering immune cell numbers or reactivity are useful for testing function (61) . For instance, liposomeencapsulated clodronate was developed to ablate phagocytic cells and can be used to ablate macrophages and microglia (79) . This strategy was used recently to demonstrate that macrophages are necessary for tissue/appendage regeneration (8-10), hair cell replacement (66) , and retinal neuroprotection (49, 80) . Similarly, we used the NTR system to coablate microglia/macrophage and rod cells and then quantified effects on MG/progenitor cell proliferation rates and rod cell regeneration kinetics. We found that coablation reduced stem/progenitor cell proliferation rates in the INL over the first few days of the regenerative process. Similar examples of MG and microglia cross-talk mediating injury responses in the retina have been observed in other species as well (81) . Interestingly, the effects on proliferation were temporary, with INL MG/progenitor cells seeming to compensate for early deficits at days 1-2 of recovery. Nevertheless, initial deficits in proliferation rates were correlated with delays in rod cell regeneration kinetics. Similarly, we found that pretreating larvae with the immune suppressant Dex, a glucocorticoid agonist, eliminated microglia reactivity to rod cell death and inhibited proliferation in the INL and ONL. Combined with other recent studies in regenerative model species, the data suggest that macrophage/microglia play critical roles in promoting proper tissue and cellular regeneration.
Elegant studies from the Fischer laboratory have shown that in the chick retina reactive microglia/macrophages are required to promote the generation of MG-derived progenitor cells (MGPCs) (33) and that Dex injections can inhibit microglia reactivity and decrease proliferation of MGPCs after excitotoxic retinal injury (50) . Further, their data suggest that inhibition of microglia activation is an indirect effect of activated glucocorticoid signaling in MG, the primary site of glucocorticoid receptor expression in chick and several other vertebrate species investigated (49) . In contrast to our findings, Dex functioned as a neuroprotectant in the injured chick retina. Interestingly, the neuroprotective effects of Dex were only partially dependent on the presence of microglia/macrophages, suggesting that MG were the primary target of glucocorticoid agonist action; this possibility requires further exploration in the fish retina.
Immunomodulator-Induced Resolution of Activated Microglia
Accelerates Rod Cell Regeneration Kinetics. Macrophages can transition between phenotypic polarization states that have been characterized as anti-(M1) and proreparative (M2). The M1 phase is associated with initial immune cell reactivity, whereas the M2 phase is linked to resolution. Our functional assays indicated that an initial, presumably M1-type, microglia response was required for proper stem and progenitor cell responses to rod cell loss and, thereby, for proper regeneration. We were motivated, however, to test what effect a delay in immune suppression would have. We posited that hastening the resolution of microglia/macrophages following an acute activation might enhance rod cell regeneration. Immune suppression was therefore delayed until the day after rod cell death was initiated, i.e., after 24-h Mtz treatments. Intriguingly, this treatment regimen led to accelerated rod cell regeneration kinetics. This result suggests that accelerating the resolution of an immune response to neuronal cell death can serve to enhance the regenerative process and is consistent with recent findings regarding the regeneration of dopaminergic neurons in the salamander brain (38) . Although multiple reports have described factors and conditions that stimulate increased MG and progenitor cell proliferation following retinal injury (5-7), whether such manipulations equate to improvements in retinal cell regeneration kinetics remains largely unexplored. Here, we report chemically enhanced rod photoreceptor regeneration kinetics in zebrafish. Somewhat confoundingly, the glucocorticoid antagonist RU486 has been shown to promote the regeneration of amacrine cells in the chick retina (49) . However, this promotion appears to be an effect of MG-derived progenitors on differentiation, because amacrine cells are restored at the expense of MG. We currently are exploring the cellular and molecular mechanisms underlying Dexenhanced regeneration in the fish retina.
Collectively, these results and other recent findings support the notion that manipulation of neuroimmune interactions could be a useful means of stimulating reparative processes in patients with degenerative the CNS disorders (43) . One promising immunomodulatory candidate is the mesencephalic astrocyte-derived neurotrophic factor (MANF). MANF was recently shown to be required for retinal repair in Drosophila and could act as a neuroprotectant, as well as promoting engraftment of transplanted progenitors/photoreceptors and improving visual recovery, in the mouse (78) . Determining the role of MANF and other immunerelated factors in regulating the activation, proliferation, and differentiation of MG and their progenitors stands as a promising path to stimulating endogenous regenerative mechanisms in the human retina.
Summary
We have defined a role for the innate immune system in regulating neuronal regeneration following selective loss of rod photoreceptor cells in the zebrafish retina. Intravital imaging was used to track and quantify the responses of specific immune cell subtypes to rod cell death. Microglia, resident macrophages of the retina, exhibited multiple hallmarks of immune cell activation. Using targeted cell ablation and immunomodulation, microglia/macrophages were shown to be critical for proper rod cell regeneration kinetics, i.e., for stimulating the activation of retinal MG to a stem cell-like state. Our results support the theory that microglia play key roles in shaping systemic responses to neuronal cell death and are consistent with the possibility that microglia regulate fibrotic versus reparative programs of endogenous neural stem cells, thereby controlling regenerative potential in the CNS. Supported by studies across multiple model systems, immune modulation now stands as a promising approach for stimulating endogenous retinal repair mechanisms and/or promoting engraftment of exogenously delivered stem cells, therapeutic strategies aimed at restoring visual function to patients.
Materials and Methods
The majority of the procedures applied and all transgenic lines used, Tg(rho: YFP-Eco.NfsB)gmc500, Tg(mpx:GFP)uwm1, Tg(mpeg1.1:LOX2272-LOXP-dTomato-LOX2272-Cerulean-LOXP-EYFP)w201, Tg(mpeg1.1:NTR-EYFP)w202, and Tg(gfap: GFP)m2001, have been previously published (8, 20, 22, 39, 41, 47) . Brief descriptions of the experimental design are outlined here; additional details can be found in SI Materials and Methods and references provided.
NTR/Mtz-Mediated Rod Photoreceptor Ablation and Puncture Wounding. NTRexpressing larvae were separated into equal-sized groups at 5 dpf: (i) nontreated controls and (ii) larvae treated with 10 mM Mtz (Acros) for 24 h starting at 5 or 6 dpf. After Mtz treatment, fish were rinsed and kept in 0.3× Danieau's solution until imaged or killed. Retinal punctures were performed using a stereotactic-directed 10-μm-diameter pulled-glass capillary inserted through the ventral conjunctiva and into the retina.
Intravital Imaging. All intravital imaging applied previously detailed protocols (14, 21, 22) . Confocal z-stacks encompassing the entire orbit of the eye (step size, 5 microns) were collected at 10-or 20-min intervals over a total of 20 h. Image analysis was performed using FiJi (i.e., ImageJ v1.49b; NIH) or Imaris (v7.6.5; Bitplane) to quantify migration distance (total length traveled) and displacement (length of vector between initial and final position) for selected cells. Additional details can be found in SI Materials and Methods.
4D Quantification of Innate Immune Cell Activity. Confocal retinal z-stacks were transferred to ImageJ, and the Correct 3D Drift plugin was applied. Imaris then was used for 3D surface rendering and subsequent cell tracking. Specific sets of migration paths were selected for measurement. The migration distance (total length traveled) and migration displacement (the length of the vector between the initial and final position of each cell) was quantified.
IMARIS Volumetric Rendering and Quantification. Larval whole-retina images were collected as described above using identical acquisition and IMARIS processing parameters across all conditions. Photoreceptor volume was calculated using IMARIS local background-based volumetric rendering of YFP signals after microglia coexpressing YFP/tdTomato were subtracted from the total YFP volume.
Tissue Preparation, Immunohistochemistry, Cell Counting, and Analysis. Zebrafish larval retina tissue preparation and immunohistochemistry were performed using established protocols. Full details are provided in SI Materials and Methods.
Dexamethasone Treatment and ARQiv Scans. Transgenic rho:YFP-NTR larvae were treated with Mtz ± Dex, and regeneration kinetics were analyzed using the ARQiv system, as previously described (20, 52) . In the preablation Dex regimen, 5-dpf larvae were exposed to Dex (2.5 μM in 0.1% DMSO) for 24 h before Mtz-induced ablation at 6 dpf. Fresh Dex was replaced daily until the ARQiv scan on day 9. In the postablation regimen, 5-dpf larvae were exposed to 10 mM Mtz for 20-22 h and then were treated with a single dose of 2.5 μM Dex. The ARQiv scan was performed on day 10.
Statistical Analysis. Data were processed with a custom R-based package (ggplot2) (82) to generate box plots showing the first quartile (lower box), median (bold line), third quartile (upper box), upper and lower adjacent (whiskers), and raw data (dot plot; large dots denote outlier observations) for each experimental condition. Statistical analyses were carried out with R 3.3.1 and RStudio 0.99.893. Student's t test was used to calculate effect size between paired groups with effect size, 95% confidence intervals, and P values provided. For groups with fewer than 10 observations, a Wilcoxon ranksum test was used for comparison with the P values provided.
